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Male mice deficient in BCLW, a death-protecting member of the BCL2 family, are sterile due to an arrest in spermatogenesis
that is associated with a gradual loss of germ cells and Sertoli cells from the testis. As Bclw is expressed in both Sertoli cells
and diploid male germ cells, it has been unclear which of these cell types requires BCLW in a cell-autonomous manner for
survival. To determine whether death of Sertoli cells in Bclw mutants is influenced by the protracted loss of germ cells, we
xamined testes from Bclw/c-kit double mutant mice, which lack germ cells from birth. Loss of BCLW-deficient Sertoli cells
ccurs in the absence of germ cells, indicating that germ cell death is not required to mediate loss of Sertoli cells in
CLW-deficient mice. This suggests that Sertoli cells require BCLW in a cell-intrinsic manner for long-term survival. The
oss of Sertoli cells in Bclw mutants commences shortly after Sertoli cells have become postmitotic. In situ hybridization
nalysis indicates that Bclw is expressed in Sertoli cells both before and after exit from mitosis. Therefore, Bclw-
ndependent pathways promote the survival of undifferentiated, mitotic Sertoli cells. We show that BAX and BAK, two
losely related death-promoting members of the BCL2 family, are expressed in Sertoli cells. To determine whether either
AX or BAK activity is required for Sertoli cell death in Bclw mutant animals, we analyzed survival of Sertoli cells in
clw/Bax and Bclw/Bak double homozygous mutant mice. While mutation of Bak had no effect, ablation of Bax suppressed
the loss of Sertoli cells in Bclw mutants. Thus, BCLW mediates survival of postmitotic Sertoli cells in the mouse by
suppressing death-promoting activity of BAX. © 2001 Academic Press
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The Sertoli cell is the somatic component of the seminif-
erous epithelium. In the adult mouse testis, each Sertoli
cell provides specialized structural and nutritional support
for multiple germ cells at different stages of development
(Griswold, 1998; Guraya, 1995; Russell et al., 1983). Differ-
entiation of Sertoli cells during embryogenesis is one of the
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All rights of reproduction in any form reserved.arliest hallmarks of testis development, and these cells
lay multiple roles in directing formation of the male gonad
Capel, 2000; McLaren, 2000). Sertoli cells are mitotic
hroughout embryonic and early postnatal testicular devel-
pment. In the mouse, this mitotic activity ceases by
ostnatal day 17 (P17) (Vergouwen et al., 1991), at which
ime the Sertoli cells undergo terminal differentiation re-
uired to support development of germ cells. Although
ammalian spermatogenesis is absolutely dependent on
he long-term survival of Sertoli cells, little is known about
he mechanisms by which this nonrenewable cell popula-
ion is sustained throughout adult life.The BCL2 family of proteins plays an important role in
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296 Ross et al.regulating cell survival in multicellular organisms (Adams
and Cory, 1998; Meier et al., 2000; Vaux and Korsmeyer,
999). This family consists of members that protect cells
rom apoptotic death (e.g., BCL2, BCLXL, BCLW, A1,
CL1) and those that promote cell death (e.g., BAX, BAK,
ID, BOK, BIM, BAD, BLK, NOXA). Considerable recent
rogress has been made in understanding how the BCL2
amily functions to regulate programmed cell death (PCD),
lthough the precise role for each member in this process
as yet to be determined. At a fundamental level, these
roteins function by ultimately controlling the release of
ytochrome c and other molecules from the mitochondrial
ntermembrane space. Cytosolic cytochrome c in turn me-
iates the activation of a family of proteases, called
aspases, which effect apoptosis through the widespread
leavage of a number of cellular substrates (Hengartner,
000).
In large part, the different members of the BCL2 family
re thought to operate by antagonizing each other’s func-
ion via direct interactions, although there is also evidence
hat suggests these molecules can function independently
o regulate cell death (Cheng et al., 1996; Knudson and
orsmeyer, 1997). BCL2 family members share short re-
ions of homology with each other termed BCL2 homology
BH) domains. Death protecting members such as BCL2,
CLXL, BCLW, and MCL1 contain four such domains
BH1–4) in addition to a hydrophobic C-terminal tail that is
sed to localize the protein to mitochondrial, nuclear, or
ndoplasmic reticulum membranes (Adams and Cory,
998). There are two classes of death-promoting members
f the family. Certain members (e.g., BLK, BIM, BIK, HRK,
AD, BID, NOXA) possess sequence homology only within
BH3 domain (Kelekar and Thompson, 1998). These “BH3-
omain only” members appear to function, at least in part,
y antagonizing the death-protecting members via direct
nteraction (Cheng et al., 2001; Gross et al., 1999). Follow-
ing receipt of death-signals, the BH3-domain only mol-
ecules facilitate heterodimerization with death-protecting
members through binding to a hydrophobic pocket formed
by their BH1, -2, and -3 domains. Other “multidomain”
death-promoting members of the BCL2 family (BAX, BAK,
and BOK) have domains similar to the anti-apoptotic mem-
bers. These death-promoting family members can form
homo-oligomers, which insert into mitochondrial mem-
branes, leading to the eventual release of cytochrome c
(Gross et al., 1999; Wang et al., 1998).
BCLW is a death-protecting member of the BCL2 family
(Gibson et al., 1996) that is required for development and
homeostasis of spermatogenesis in the mouse testis (Print
et al., 1998; Ross et al., 1998; Russell et al., 2001). Male
ice mutant for Bclw (official gene designation Bcl2l2) are
terile due to a developmental arrest and progressive loss of
erm cells and Sertoli cells from the testis. Gonadal devel-
pment and the initiation of spermatogenesis occur nor-
ally in the Bclw homozygous mutant males. However, at
pproximately postnatal day 19 (P19), an increase in the
umber of apoptotic germ cells is observed (Ross et al., h
Copyright © 2001 by Academic Press. All right1998; Russell et al., 2001). The first wave of spermatogen-
esis is arrested during spermiogenesis and the entire germ
cell population is subsequently lost from the testes of the
Bclw homozygotes between 2 and 6 months of age. Signifi-
cantly, a decrease in the Sertoli cell compartment is first
observed between P20 and P23 (Russell et al., 2001), shortly
fter Sertoli cells have exited mitosis. A progressive decline
n the number of Sertoli cells follows until around 8 months
f age, when few or no Sertoli cells remain in the testis
Ross et al., 1998; Russell et al., 2001). Similar findings have
een reported in an independent study of Bclw 2/2 mice,
although in this case a small number of Sertoli cells
remained in a proportion of tubules in 52-week-old animals
(Print et al., 1998). The variability in Sertoli cell survival
between these studies may have resulted from differences
in the genetic background of the animals used.
Expression of BCLW has been reported in both Sertoli
cells (Meehan et al., 2001; Print et al., 1998; Ross et al.,
1998; Russell et al., 2001; Yan et al., 2000a,b) and diploid
male germ cells (Meehan et al., 2001; Print et al., 1998; Yan
et al., 2000a) in the adult rodent testis. From the expression
pattern of BCLW in the testis and the phenotype observed
in the Bclw mutants, it is unclear whether BCLW is
required in a cell-intrinsic manner for survival of both
Sertoli cells and germ cells. For example, germ cell loss
could simply be a consequence of the dysfunction and loss
of BCLW-deficient Sertoli cells. Alternatively, while less
likely, protracted exposure to large numbers of degenerating
germ cells might be harmful to Sertoli cells. A third
possibility is that BCLW is required in a cell-autonomous
manner for the survival of both cell types.
In the current study, we have focused our analysis on the
survival of Sertoli cells in Bclw-mutant mice. We show that
death of BCLW-deficient Sertoli cells occurs independently
of germ cells, which implies that BCLW is required in a
cell-intrinsic manner for Sertoli cell survival. We also
demonstrate that BCLW is expressed in Sertoli cells before
and after exit from mitosis. However, loss of BCLW-
deficient Sertoli cells commences only after they become
postmitotic, suggesting that factors other than BCLW func-
tion to promote survival in mitotic Sertoli cells. Finally, we
demonstrate that BAX and BAK, two closely related death-
promoting members of the BCL2 family, are expressed in
Sertoli cells. Interestingly, removal of BAX, but not BAK,
can suppress long-term loss of BCLW-deficient Sertoli cells.
MATERIALS AND METHODS
Generation of Mice
Mice with a null mutant allele of Bclw Gtrosa41 (Bcl2l2Gtrosa41) (Ross
et al., 1998), Bax (Baxtm1Sjk) (Knudson et al., 1995), or Bak (official
nomenclature Bak1) (Lindsten et al., 2000) have been described.
Wv/1 mice (stock #000049) and W/1 mice (stock #00692), whichave two different mutant alleles of c-kit, were obtained from The
s of reproduction in any form reserved.
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297BCLW and BAX Regulate Survival of Postmitotic Sertoli CellsJackson Laboratory (Bar Harbor, ME). The W/1 and Wv/1 mice
were outcrossed with BclwGtrosa41 heterozygotes to generate double
eterozygous (Bclw1/2/W/1 and Bclw1/2/Wv/1) animals. These
lasses of double heterozygotes were subsequently crossed to
roduce Bclw2/2/W/Wv mutants. Both Bax1/2 and Bak1/2 animals
were crossed with Bclw1/2 to generate Bax1/2/Bclw1/2 and Bak1/2/
clw1/2 animals. These mice were intercrossed to generate Bclw2/2
/Bak2/2 and Bclw2/2/Bax2/2 animals. Mice from these crosses were
lso used to generate Bax/Bak/Bclw triple heterozygotes that were
ntercrossed to produce triple (Bax, Bak, Bclw) homozygous mu-
ants. The genetic background of the animals used in this study
as a complex mixture of 129S2, 129S3, 129S4, 129S5, 129X1, and
57BL/6 (see http://www.informatics.jax.org/mgihome/nomen/
train_129.shtml for information on 129 subline nomenclature).
Genotyping
Genotypes of W/1 and Wv/1 animals were ascertained visually.
W and Wv heterozygotes have black coats with white spots on their
entrum, with the Wv/1 animals having a slightly lighter coat than
/1 animals. W/Wv animals are entirely white with black eyes
(Russell, 1949). PCR-based assays were used to genotype Bclw, Bax,
and Bak mutant animals. To prepare DNA for PCR analysis, tail
biopsies were cut from 10- to 12-day-old mice. Tissue was digested
overnight in a rocking oven at 55°C in 100 ml of 100 mM Tris–HCl,
pH 8.0, 50 mM EDTA, 50 mM NaCl, 0.5% SDS, and 0.5 mg/ml
Proteinase K. A single phenol/chloroform extraction was per-
formed on the digested tissue, and DNA was ethanol precipitated,
air dried, and resuspended in 200 ml of 10 mM Tris, pH 7.4, 1 mM
EDTA. For Bclw genotyping, amplification reactions were carried
out in a 30-ml volume containing 1 ml of tail-derived DNA, 13
romega Thermophilic DNA Polymerase Buffer (10 mM Tris–HCl,
H 9.0, 50 mM KCl, 0.1% Triton X-100), 1 mM MgCl2, 0.5 mM
dNTPs, 1.5 units of Promega Taq DNA Polymerase, and 0.5 mM of
each of the following primers (59–39): ROSA41-A, CTCCCCAT-
GACTTAAATCCGTTGCTC (forward primer, intron 2 of the
Bclw (Bcl2l2) locus); ROSA41-B, AGTTTGTCCTCAACCGC-
GAGCTGTGG (reverse primer, in ROSA b-gal splice acceptor);
OSA41-C, TTTCCCATGAAGACCAACTTTGTAGA (reverse
rimer, intron 3 of the Bclw (Bcl2l2) locus). The following cycling
arameters were used: 94°C for 30 s, 55°C for 30 s, 72°C for 60 s,
nd 35 cycles were performed. Bax and Bak genotyping PCR assays
were performed as previously described (Lindsten et al., 2000).
Preparation of Tissues for Histology
For in situ hybridization and GATA-1 immunohistochemistry,
testes were fixed in 4% paraformaldehyde in 100 mM PBS, pH 7.5,
for 16 h at 4°C. For general histology and proliferating cell nuclear
antigen (PCNA) immunostaining, testes were fixed in Bouin’s fluid
overnight at 4°C. After fixation, samples were dehydrated through
a graded ethanol series, cleared with Histoclear (National Diagnos-
tics, Atlanta, GA), and embedded in paraffin wax. Sections of 5 mm
ere cut and were stained with Periodic Acid/Schiff (PAS) and
ematoxylin, or used for in situ hybridization or immunostaining
s described below.
In Situ Hybridization
A 1537-bp XhoI fragment containing a portion of the 39-
untranslated region of the Bclw cDNA was cloned into pBS (KS2)
Stratagene, La Jolla, CA). Digoxigenin-labeled riboprobes were
Copyright © 2001 by Academic Press. All rightprepared from the linearized plasmid DNA template by using the
DIG RNA Labeling Kit (Roche) following the manufacturer’s
instructions. In situ hybridization was performed by using a
odified version of a previously described protocol (Wilkinson and
ieto, 1993). In brief, 5-mm paraffin-embedded testis sections were
cleared, rehydrated, treated with 0.2 M HCl for 20 min, and fixed in
4% paraformaldehyde in 100 mM PBS, pH 7.3, for 20 min. Slides
were incubated with 20 mg/ml proteinase K in 50 mM Tris–HCl, 5
M EDTA for 5 min and treated with 0.25% (v/v) acetic acid in
riethanolamine hydrochloride. Slides were incubated in prehy-
ridization solution (50% deionized formamide, 33 SSC, 500
mg/ml yeast RNA, 13 Denhardt’s solution, 66 mM phosphate
buffer, pH 8.9, 5 mM EDTA) for 2 h at 50°C. Sections were
incubated with the digoxigenin-labeled riboprobe (1 mg/ml in
prehybridization buffer with 10% dextran sulfate) at 50°C for 16 h
and were washed to 23 SSC as described (Wilkinson and Nieto,
1993). Sections were blocked in 10% sheep serum in PBT (PBS with
0.1% Tween 20) for 20 min, and incubated with an anti-digoxigenin
antibody conjugated to alkaline phophatase (Roche, Indianapolis,
IN) diluted 1:1000 in blocking buffer overnight at 4°C. A color
development reaction was performed for up to 48 h by using a
nitroblue tetrazolium chloride/bromo-chloro-indolyl phosphate
substrate, and slides were mounted.
Immunohistochemistry
A rat monoclonal antibody against GATA-1 (Santa Cruz Biotech-
nology, Santa Cruz, CA; catalog #sc-265) and a mouse monoclonal
TABLE 1
Reduced Viability of Bclw2/2, W/Wv Mutants
Genotypea
No. of
animalsb
Expected
frequency
Expected
numberclw W, Wv
1/1 1/1 37 1/16 25.1
1/2 1/1 70 2/16 50.1
2/2 1/1 26 1/16 25.1
1/1 W/1 28 1/16 25.1
1/2 W/1 46 2/16 50.1
2/2 W/1 17 1/16 25.1
1/1 Wv/1 28 1/16 25.1
1/2 Wv/1 57 2/16 50.1
2/2 Wv/1 22 1/16 25.1
1/1 W/Wv 24 1/16 25.1
1/2 W/Wv 41 2/16 50.1
2/2 W/Wv 5c 1/16 25.1
Total 5 401
a Shown are the 12 possible genotype combinations for offspring
f crosses between Bclw1/2, W/1 and Bclw1/2, Wv/1 mice.
b The number of animals obtained from these crosses for each
enotype class. Genotypes were determined when animals were
etween 9 and 11 days of age.
c The number of Bclw2/2, W/Wv offspring was significantly
reduced compared to the expected number (x2 5 36.3, df 5 11, P ,
.0002).that recognizes the proliferating cell nuclear antigen, PCNA (Santa
s of reproduction in any form reserved.
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298 Ross et al.Cruz; catalog # sc-56), were used for testis immunohistochemistry.
Testis sections were cleared, rehydrated through a graded alcohol
series, and rinsed for 5 min in tap water. GATA-1 staining was
performed by using the Vectastain Elite ABC kit (Vector Labs, Burlin-
game, CA; catalog # PK-6104), as per manufacturer’s instructions.
Testis sections were blocked in 1.5% rabbit serum in PBS for 20 min
at room temperature. After blocking, sections were incubated with
FIG. 1. Loss of BCLW-deficient Sertoli cells occurs in the absenc
from 2-month-old cohort of animals. (A) Testis from a wild-type m
ith disorganized tubules, dying germ cells and some tubules con
ubules lack germ cells but have a significant population of healthy
e identified as Sertoli cells based on their characteristic tripartite
Tubules have a reduced cross-sectional area and contain visibly few
ells are detaching from the tubule basement, and occasionally hav
istology from 7.5-month-old animals. (B) Wild-type testis with no
germ cells and very few Sertoli cells. (F) W/Wv testis. Tubules still
ells being sloughed from the tubule basement (asterisk). (H) W/Wv
shrunken and contain few or no Sertoli cells (all 6303).GATA-1 antibody diluted 1:50 in PBS overnight at 4°C. Incubation
Copyright © 2001 by Academic Press. All rightwith secondary antibody and all subsequent steps were performed as
per the instructions for the Vector kit. PCNA staining was performed
by using the Vector Mouse-on-Mouse immunodetection kit (cat.
#PK-2200), following manufacturer’s instructions. The PCNA anti-
body was used at a 1:250 dilution. For both PCNA and GATA-1
staining, color development was performed by incubating the sections
in DAB (Vector Labs; cat. # SK-4100) for 5–8 min. Sections were rinsed
germ cells. (A, C, E, G) PAS–hematoxylin-stained testis histology
showing normal spermatogenesis. (C) Testis from a Bclw2/2 male,
ing few germ cells or Sertoli cells (arrow). (E) In the W/Wv testis,
oli cells (arrows). The cells around the basement of the tubules can
eolar morphology (inset). (G) Testis from a Bclw2/2,W/Wv mouse.
ertoli cells (arrows), than in the W/Wv,Bclw1/1 testis. Some Sertoli
ecrotic morphology (inset, red arrow) (all 3630). (B, D, F, H) Testis
morphology. (D) Bclw2/2 testis contains shrunken tubules with no
ain numerous Sertoli cells, but many have large clusters of Sertoli
2/2 testis. As in the Bclw2/2 testis histology in (D), the tubules aree of
ale
tain
Sert
nucl
er S
e a n
rmal
cont
,Bclwin tap water, counterstained with hematoxylin, cleared, and mounted.
s of reproduction in any form reserved.
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299BCLW and BAX Regulate Survival of Postmitotic Sertoli CellsFIG. 2. Expression of Bclw in Sertoli cells during the first wave of spermatogenesis. (A) Western analysis of total testis extracts from mice
at age 10 days (10), 17 days (17), 25 days (25), adult (A), and from a testis from a Bclw2/2 adult mouse (2/2). (Left) Blot reacted with a polyclonal
ntibody that recognizes the 21-kDa BCLW protein (arrow), which is absent in the homozygous mutant. (Right) The same blot stained with
onceau S to show relative amount of protein loaded in each lane. In addition to BCLW, the antisera also reacts with nonspecific proteins
f approximately 18, 42, and 65 kDa. The absence of the 42- and 65-kDa species in the sample from the Bclw 2/2 is most likely due to these
roteins being expressed in germ cells that are absent in this sample. (B) In situ analysis of Bclw mRNA expression in testes from animalsat postnatal days 10, 17, and 25. (Top row) Sections from testis from a wild-type (1/1) mouse reacted with the Bclw anti-sense probe. Cells
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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300 Ross et al.Comparison of Numbers of Sertoli Cells
For comparison of numbers of Sertoli cells in the different testis
sections, numbers of Sertoli cells per tubule for all tubules in testes
cross-sections were counted. Counts were performed on at least
four different, nonconsecutive sections from each testis. Testis
histology was examined from animals of all genotype classes at
each time point. Only cells which could clearly be identified by
their tripartite nucleolar morphology as a Sertoli cell were counted,
and any tubules that were not cut perpendicular to the tubule long
axis (thereby distorting the tubule cross-sectional area) were ex-
cluded from the data.
Immunoblot Analyses
For Western analysis, tissues were solubilized in 150 mM NaCl,
10 mM EDTA, 50 mM Tris–HCl, pH 7.6, 1% Triton X-100, 1%
sodium deoxycholate, 1 mg/ml leupeptin, 3 mg/ml aprotinin, and
500 mM Pefabloc (Roche) by brief homogenization followed by
onication. Protein extracts of Sertoli cells isolated from postnatal
ay 18 (P18) mice were generously provided by Dr. Michael Skinner
Washington State University), prepared as described (Chaudhar et
l., 1997). The purity of the Sertoli cell preparations was deter-
ined to be greater than 95%. Total protein (40 mg) was electro-
phoresed through a 14% Novex Tris–glycine gel (Invitrogen, Carls-
bad, CA) and electroblotted to nitrocellulose.
For BCLW Western analysis, a rabbit polyclonal antibody from
R&D Systems, Inc. (Minneapolis, MN; catalog # AF824) was used.
Immunoblotting was performed following the manufacturer’s in-
structions. The blot was blocked in 2% nonfat dry milk (Carnation)
in blotting buffer (25 mM Tris, pH 7.5, 150 mM NaCl, 0.05%
Tween 20) for 1 h at room temperature, then incubated overnight at
4°C in primary antibody at 1.2 mg/ml in blotting buffer with 1% dry
milk. The blot was incubated with a horseradish peroxidase-
conjugated secondary antibody (donkey anti-rabbit; Amersham-
Pharmacia, Piscataway, NJ) diluted in blotting buffer, washed for
1 h in blotting buffer, and signals were detected with enhanced
chemiluminiscence (ECL; Amersham-Pharmacia).
Immunostaining of blots with BAX and BID antibodies was
performed by using reagents from Kirkegaard and Perry Laborato-
ries (KPL, Gaithersburg, MD) as per manufacturer’s instructions.
Rabbit polyclonal antibodies against mouse BAX (1:500) (Xiang et
al., 1996) and BID (1:1000) (Wang et al., 1996) were used. After
blocking and reacting with primary antibodies, blots were incu-
bated with a horseradish peroxidase-conjugated secondary antibody
(donkey anti-rabbit, Amersham-Pharmacia), and signals were de-
tected with ECL. For BAK immunostaining, a polyclonal antibody
against BAK from Upstate Biotechnology (catalog #06-536-MN)
was used following the manufacturer’s instructions.
containing Bclw transcripts appear dark blue. (Middle row) Cons
against GATA-1, a marker for Sertoli cells. Note the similarity in
some Sertoli cells are found close to the center of the tubules (re
arrows). At P25, arrows show specific cells staining for both Bclw a
sections from Bclw homozygous mutant (2/2) mice, prepared and r
bsence of staining relative to the sections from the wild-type test
imilarity in localization of Bclw mRNA (left panel) with the Sertol
he negative control for Bclw mRNA in situ, which is the same
istology from a P10 Bclw 2/2 litter mate. (8003.)
Copyright © 2001 by Academic Press. All rightRESULTS
Death of BCLW-Deficient Sertoli Cells Occurs in
the Absence of Germ Cells
An important function of Sertoli cells is the phagocytosis
of sporadic germ cells that degenerate during the normal
course of spermatogenesis in wild-type adult mice (Allan et
al., 1987; Russell et al., 1990). To determine whether the
unusually massive and protracted death of germ cells ob-
served in Bclw mutant males was a factor in mediating loss
of BCLW-deficient Sertoli cells, we examined Sertoli cell
survival in Bclw mutants that lack germ cells from birth.
To accomplish this, we introduced the BclwGtrosa41 mutation
nto a W/Wv genetic background. W/Wv mice are compound
eterozygous for two different mutations at the W (White-
potting) locus that encodes the c-kit proto-oncogene (Bern-
tein et al., 1990; Besmer et al., 1993). C-kit encodes a
eceptor that functions in the survival of primordial germ
ells and other migratory stem cell populations in the
eveloping mouse. W/Wv mice were selected for this anal-
ysis, as these compound heterozygotes are viable and have
few or no germ cells in their testes, although they contain a
healthy population of Sertoli cells (de Franca et al., 1994)
that are capable of supporting development of transplanted
germ cells (Ogawa et al., 2000). Importantly, c-kit is ex-
FIG. 3. Expression of pro-apoptotic BCL2 family members in the
testis. Western blots with protein extracts from testis (T) and
Sertoli cells purified from P18 mice (S). Antibody staining for BID
(arrow, left), BAX (arrow, middle), and BAK (arrow, right) demon-
strates that all three are expressed in the testis, and within Sertoli
cells.
ve sections from those in the top row, stained with an antibody
ing patterns between sections in the top and middle rows. At P10,
ows), while others have started to attach to the basement (black
ATA-1. (Bottom row) Negative controls of Bclw in situs on testis
ed in parallel with the samples from wild-type animals. Note the
003). (C) Higher magnification of P10 samples from (B), showing
ific protein marker GATA-1 (middle panel). The right panel shows
used on the section shown in the left panel reacted with testisecuti
stain
d arr
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301BCLW and BAX Regulate Survival of Postmitotic Sertoli Cellspressed within germ cells and Leydig cells, but not in
Sertoli cells (Loveland and Schlatt, 1997). Thus, any ob-
served effects on survival of Sertoli cells should not result
from the direct loss of c-kit in this cell type.
Intercrosses of Bclw1/2, W/1 and Bclw1/2, Wv/1 mice
were used to generate Bclw2/2, W/Wv mice. Surprisingly,
nly a very small number of Bclw2/2, W/Wv animals were
obtained from these crosses (Table 1). Of 401 mice geno-
typed, only 5 were Bclw2/2, W/Wv, which was significantly
different from the expected frequency (x2 5 36.3, df 5 11,
, 0.0002). While the lethality of Bclw2/2, W/Wv mice was
f interest, it restricted our ability to study the survival of
ertoli cells in these mice. Only two cohorts of male
ittermates that included Bclw2/2, W/W v mice were ob-
tained from these crosses, both of which were utilized to
examine Sertoli cell viability in the absence of germ cells
(Fig. 1). In testes from the 2-month-old Bclw2/2 animal (Fig.
1C), the seminiferous tubules are disorganized and contain
many dying germ cells, as previously described (Print et al.,
1998; Ross et al., 1998; Russell et al., 2001). Although the
eminiferous tubules in testes of Bclw1/1, W/Wv mice lack
germ cells, they contain a healthy population of Sertoli cells
that are distributed around the basement of the tubules (Fig.
1E). In contrast, tubules in the testis from the Bclw2/2,
W/W v animal (Fig. 1G) contain visibly fewer Sertoli cells
han in the Bclw1/1, W/W v testis (Fig. 1E). Moreover, some
of the Sertoli cells display a necrotic morphology (Fig. 1G,
inset) that was never observed in testes from W/Wv ani-
mals. Numbers of Sertoli cells in tubules from the Bclw1/1,
/Wv and the Bclw2/2, W/Wv testes were assessed. The
average number of Sertoli cells in a testis from a Bclw2/2,
/Wv animal (11.0 Sertoli cells/cross-section of tubule, n 5
0 tubules) is significantly less than that in a Bclw1/1,
/Wv testis (26.3 Sertoli cells/tubule, n 5 25, P , 0.05, two
sample t-test). Interestingly, the average number of Sertoli
cells/tubule in the testis from the Bclw2/2 animal (4.5, n 5
0) was also significantly less than that of the Bclw2/2,
/Wv testis. These findings suggest that while the presence
f degenerating germ cells may have some adverse effect on
ertoli cell survival, loss of Sertoli cells in Bclw mutant
testes does not simply result from extensive death of germ
cells.
Examination of testis histology from 7.5-month-old ani-
mals (Fig. 1) supported these findings. As expected, testes
from the Bclw2/2, W/Wv and Bclw1/1, W/Wv mice each
ontained reduced numbers of Sertoli cells compared with
he 2-month-old cohort of animals. Moreover, the average
umber of Sertoli cells/tubule in testes from the Bclw2/2,
W/Wv animal (2.1, n 5 33 tubules) and the Bclw2/2 animal
(4.1, n 5 38 tubules) each continued to be significantly less
than that in the Bclw1/1, W/Wv testis (12.3, n 5 29 tubules).
gradual loss of Sertoli cells is normally observed in the
estes of W/Wv mice (Parreira et al., 1998). However, the
xtent of Sertoli cell loss in Bclw2/2, W/Wv or Bclw2/2 males
s more severe. Of note, while Sertoli cells were sloughed in
arge clusters from the basal lamina of the tubules of
clw1/1, W/Wv testes (e.g., Fig. 1F, asterisk) (Parreira et al.,
Copyright © 2001 by Academic Press. All right1998), this was never observed in testes from either Bclw2/2
or Bclw2/2, W/Wv animals. Together, these results suggest
hat the mechanism of Sertoli cell loss in Bclw2/2 or
Bclw2/2, W/Wv mice is discrete from that observed in
clw1/1, W/Wv animals. Loss of individual Sertoli cells
uggests that the tight junctions connecting adjacent Sertoli
ells have become uncoupled in Bclw2/2 and Bclw2/2, W/Wv
mice. As tight junctions initially form between Sertoli cells
in Bclw mutants (Russell et al., 2001), their uncoupling
ay occur after the death of the individual cells.
Bclw Is Expressed in Mitotic and Postmitotic
Sertoli Cells
A reduction in Sertoli cell number is first observed in
testes of Bclw mutant males between P20 and P34, soon
after the Sertoli cells become postmitotic (Russell et al.,
2001). One possible explanation for this finding is that Bclw
may not normally be expressed until after Sertoli cells exit
mitosis. Alternatively, Bclw may be expressed in mitotic
Sertoli cells, but may not be required for survival of Sertoli
cells at this stage. To discriminate between these possibili-
ties, in situ hybridization was used to examine the pattern
of Bclw expression in both mitotic and postmitotic Sertoli
cells. As mouse Sertoli cells exit mitosis by postnatal day
17 (P17) (Vergouwen et al., 1991), time points both before
nd after this transition were examined. Western analysis
emonstrated that BCLW is expressed at similar overall
evels in testis from mice at P10, P17, P25, and 2 months of
ge (Fig. 2A). To determine whether Bclw was expressed
pecifically in Sertoli cells at these times, in situ analysis of
clw mRNA expression in the testis was performed. Sertoli
ell-specific expression of Bclw was observed in testes from
ice of all ages examined (Fig. 2B). To confirm that the
xpression of Bclw was Sertoli cell-specific, consecutive
estis sections were analyzed by using an antibody for
ATA-1, a known protein marker of Sertoli cell nuclei
Yomogida et al., 1994). Similar to our previous results
Russell et al., 2001), we were unable to detect expression of
clw in male germ cells. As other investigators have
eported expression of Bclw in male germ cells (Meehan et
l., 2001; Print and Loveland, 2000; Yan et al., 2000a,b), it is
ossible that the amount of Bclw mRNA in germ cells is
elow the limit of sensitivity of our assay.
Removal of BAX, but Not BAK Suppresses the
Loss of Sertoli Cells and Leydig Cells
in BCLW-Deficient Mice
To determine which death-promoting members of the
BCL2 family could be responsible for death of BCLW-
deficient Sertoli cells, a Western analysis was performed on
protein extracts from Sertoli cells. BID, BAX, and BAK are
all present in extracts from whole testis and from purified
P18 Sertoli cells (Fig. 3). To determine whether either BAK
or BAX mediate killing of Sertoli cells in BCLW-deficient
mice, Bclw2/2, Bax2/2 and Bclw2/2, Bak2/2 double mutant
s of reproduction in any form reserved.
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302 Ross et al.mice were generated. Bclw, Bax, Bak triple homozygous
utants were also produced to determine whether Bax and
ak (Official gene name Bak1) have redundant functions in
he testis, as has been found in other tissues (Lindsten et al.,
000).
Testis histology of mice deficient for both BCLW and
AX was analyzed. As with Bclw mutants, male BAX-
eficient mice are sterile (Knudson et al., 1995). However,
he mechanism for the sterility differs from that of the
CLW-deficient males. BAX-deficient males display an ex-
ansion of spermatogonia and preleptotene spermatocytes
uring the prepubertal period of germ cell development,
hich leads to disorganization of the seminiferous epithe-
ium that ultimately results in extensive germ cell death
C.M.K. and L. D. Russell, unpublished observations). BAX
s expressed in spermatogonia, spermatocytes, and Sertoli
ells (Fig. 3) (Meehan et al., 2001; Rodriguez et al., 1997;
Yan et al., 2000a). As this is similar to the pattern of Bclw
FIG. 4. Removal of BCLW does not alter the male germ cell def
immunohistochemistry on sections of testes from 3-week-old Bclw
permatogonia and early stages of spermatocytes. Testes from
spermatogonia around the basement of the tubules, meiotic sperm
from BAX-deficient mice (C) display an overaccumulation of PCNA
spermatocytes with only a small number of more advanced, PCNA-
Bclw2/2,Bax2/2 double mutants display a phenotype identical to t
eminiferous tubules. (all 4003.)expression in the testis, we hypothesized that loss-of-
Copyright © 2001 by Academic Press. All rightunction of Bax might rescue the germ cell and/or Sertoli
ell death seen in Bclw homozygous mutants.
Breeding experiments indicated that Bclw/Bax double
homozygous mutant males were also sterile. To analyze the
status of germ cells and Sertoli cells in these animals, testis
histology was prepared from Bclw 2/2 mutants, Bax2/2
mutants, and Bclw2/2, Bax2/2 double mutants ranging in age
rom 3 weeks to 8 months. Testes from wild-type, Bclw 1/2,
or Bax1/2 animals were used as controls for these analyses,
as spermatogenesis is unaffected in both Bclw and Bax
heterozygote mutants. Histology from P21 Bclw and Bax
mutants and controls is shown in Fig. 4. Normal spermato-
genesis is observed in the control animal, including pres-
ence of spermatogonia, spermatocytes, and some early
haploid round spermatids (Fig. 4A). The testis from the
Bclw2/2 animal appears similar to the control, containing
germ cells at the same stages of development (Fig. 4B). In
contrast and as expected, testis histology from the Bax2/2
in BAX-deficient mice. Proliferating cell nuclear antigen (PCNA)
Bax mutants and control animals. PCNA staining (brown) labels
the wild-type animal (A) and the Bclw2/2 (B) contain mitotic
tes (black arrows), and early round spermatids (red arrows). Testes
tive cells that are most likely to be spermatogonia and preleptotene
ive spermatocytes (arrow) are found in the tubules. (D) Testes from
f the Bax2/2 mutant, with an excess of mitotic germ cells in theects
and
both
atocy
-posi
negat
hat oanimal reveals the presence of expanded numbers of sper-
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303BCLW and BAX Regulate Survival of Postmitotic Sertoli Cellsmatogonia (Knudson et al., 1995) and preleptotene sper-
atocytes with relatively few later stage spermatocytes
Fig. 4C). The same phenotype is observed in the Bclw, Bax
double homozygous mutant, with many tubules displaying
an overaccumulation of spermatogonia (Fig. 4D). Thus,
loss-of-function of Bclw does not suppress the abnormal
development of germ cells in Bax mutants.
FIG. 5. Loss of BAX rescues Sertoli cell death in BCLW-deficient
Bax mutants and control animals. (A, B) Testis from a control anim
as seminiferous tubules with a small cross-sectional area that con
(E, F) and the Bclw, Bax double homozygous mutant (G, H) anima
f Sertoli cells (arrows) and interstitial Leydig cells. (A, C, E, G 5To determine whether mutation of Bax could suppress p
Copyright © 2001 by Academic Press. All rightertoli cell death in Bclw mutants, testis histology from
lder animals was examined. In 7-week, 3-month, and
-month-old animals, testis histology in Bclw, Bax double
omozygous mutants was indistinguishable from that of
he Bax homozygous mutant (data not shown). Signifi-
antly, Sertoli cell loss was reduced in the Bclw, Bax double
utants compared to the Bclw single mutants at all time
. PAS-hematoxylin stained testis sections from 6-month-old Bclw,
, D) The testis from the Bclw2/2 animal is severely atrophied and
nly a few Sertoli cells (arrowhead, D). Testes from both the Bax2/2
e few germ cells remaining, but still contain significant numbers
; B, D, F, H 5 6303.)mice
al. (C
tain o
ls havoints examined. Analysis of numbers of Sertoli cells in
s of reproduction in any form reserved.
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304 Ross et al.4-month-old animals revealed that there were approxi-
mately fivefold fewer Sertoli cells/tubule in testes from a
Bclw2/2, Bax1/1 animal (1.4 cells/tubule, n 5 59, s.e.m. 5
.15) compared to testes in a Bclw2/2, Bax2/2 animal (7.0
cells/tubule, n 5 61, s.e.m. 5 0.44), (two sample t-test, P ,
.01). In contrast, no significant difference was observed
etween the number of Sertoli cells in tubules of the Bax2/2
testes compared to Bclw2/2, Bax2/2 testes at any of these
time points. However, testes of both Bax2/2 and Bclw2/2,
Bax2/2 double mutants contained fewer Sertoli cells than
estes from either heterozygous mutant or wild-type con-
rols. As mentioned, despite the fact that c-kit is not
xpressed in Sertoli cells, there is a progressive loss of this
ell type in testes of c-kit-deficient mice (de Franca et al.,
994). This indicates that the failure to establish or main-
ain spermatogenesis is in of itself sufficient to mediate
oderate loss of Sertoli cells.
By 6 months, an obvious difference was observed in
esticular histology from the Bclw homozygous mutant
ompared to either the Bax2/2 mutant or the Bclw, Bax
double homozygous mutant (Fig. 5). Testes from Bclw
homozygous mutants were less than half the weight of
testes from either Bax homozygotes or Bclw/Bax double
homozygotes (e.g., in Fig. 5, Bclw2/2, 22 mg; Bax2/2, 63.7
mg; Bclw2/2, Bax2/2, 57.1 mg). The seminiferous tubules in
the Bclw homozygote contained very few Sertoli cells (on
average, ,1 per tubule) and the Leydig cell population was
severely depleted (Figs. 5C and 5D). In contrast, seminifer-
ous tubules in both the Bax homozygote and the Bclw/Bax
double homozygote retained a relatively large number of
Sertoli cells and Leydig cells. Similar results were obtained
for testes from 7- and 8-month-old animals (data not
shown). Thus, removal of BAX has a significant effect on
suppressing loss of Sertoli cells as well as Leydig cells in
BCLW-deficient mice.
Male Bak homozygous mutant mice are viable and fer-
ile, and testis histology is indistinguishable from that of
ild-type control littermates (Figs. 6A and 6B). At 3 months
f age, testis histology from Bclw, Bak double homozygous
utants was indistinguishable from that of the Bclw 2/2
littermate (Figs. 6C and 6D). This was also evident in mice
of up to 7 months of age (data not shown). Therefore,
despite being expressed in Sertoli cells, loss of BAK has no
significant effect on suppression of death of germ cells,
Sertoli cells, or Leydig cells in the testes of BCLW-deficient
mice.
Animals that were triple homozygous mutant for Bclw,
Bax, and Bak were also generated and examined for evi-
dence of redundancy of function between Bax and Bak in
Sertoli cells. Cohorts of animals were examined at only two
ages, as mice mutant for both Bax and Bak display a high
frequency of perinatal lethality (Lindsten et al., 2000) and
only a small number of the triple mutants survived to
adulthood. No overt difference was observed in the testicu-
lar phenotype of the triple mutants compared to the Bclw,
Bax double homozygotes in animals of up to 6.5 months of
age (data not shown).
Copyright © 2001 by Academic Press. All rightDISCUSSION
Loss of Sertoli Cells in BCLW-Deficient Mice
Occurs Independently of Germ Cells
BCLW is required for the survival of multiple cell popu-
lations in the testis (Print et al., 1998; Ross et al., 1998;
Russell et al., 2001). However, these studies provided no
direct insight as to which testicular cells require BCLW in
an autonomous manner for survival. In the current study,
we have investigated whether Sertoli cells require BCLW in
a cell-intrinsic manner for long-term survival. To accom-
plish this, we examined the survival of Sertoli cells in
BCLW-deficient mice that lack germ cells due to mutations
in c-kit. The rationale for doing so was to preclude any
effect that the protracted death of germ cells might have on
Sertoli cell function or survival. As c-kit is not expressed in
ertoli cells, loss of c-kit function cannot impact Sertoli cell
survival in a cell-autonomous manner. Analysis of Bclw2/2,
W/Wv mice demonstrated that the death of BCLW-deficient
Sertoli cells occurs in the absence of germ cells, which
implies that BCLW is indeed required in an intrinsic man-
ner for Sertoli cell survival.
During this analysis, we discovered that almost all mice
mutant for both Bclw and c-kit died before biopsy for geno-
typing between P8 and P12. C-kit encodes a tyrosine kinase
receptor (KIT) for kit-ligand (KIT-L) and stimulation of KIT by
KIT-L can suppress apoptosis via a phosphoinositol-3 kinase
(PI-3K)/protein kinase B (AKT) dependent pathway (Blume-
Jensen et al., 1998). These results indicate that at least some of
the cell survival effects of Bclw and c-kit during mouse
development are within nonoverlapping pathways. Further
effort is required to identity both the specific pathways in-
volved and the nature of the defect(s) responsible for the
lethality of the Bclw, c-kit double mutants.
Onset of Loss of Sertoli Cells in BCLW-Deficient
Mice Is Temporally Associated with Down-
Regulation of Bcl2 and BclxL Expression in Sertoli
ells in Wild-Type Mice
Our results indicate that Bclw is expressed in Sertoli cells
both before and after their exit from mitosis during the first
wave of spermatogenesis in wild-type mice. However, loss
of Sertoli cells in Bclw-mutants commences only after they
have exited mitosis (Russell et al., 2001). This suggests that
additional factors mediate survival of mitotic BCLW-
deficient Sertoli cells. In this regard, a recent extensive
analysis of the pattern of expression of Bcl2 family mem-
bers during development of spermatogenesis in postnatal
mice demonstrated that Bcl2 and BclxL, two additional
death-protecting family members, were also expressed in
Sertoli cells at P10 (Meehan et al., 2001). In contrast, at P23,
expression of only Bcl2 and Bclw was detected in Sertoli
cells, and Bclw was the sole death-protecting member
expressed in Sertoli cells in adult mice. As loss of Sertoli
cells in Bclw-deficient mice is first evident between P20
and P34 (Russell et al., 2001), it is plausible that the onset
s of reproduction in any form reserved.
s
m
2
r
p
a
m
p
B
d
f
2
b
o
c
c
c
m
t
(
a
a
q
r
a
m
n
g
d
c
f
t
2
p
t
p
r
o
b
l
m
e
R
305BCLW and BAX Regulate Survival of Postmitotic Sertoli Cellsof death of Sertoli cells in Bclw mutants results from the
down-regulation of Bcl2 and BclxL that normally occurs in
this cell type at this time. Interestingly, a similar change in
relative expression of BclxL and Bclw is also observed in
pecific populations of maturing neuronal cells during
ouse development (Hamner et al., 1999; Middleton et al.,
001). Knowledge of the mechanism of transcriptional
egulation of the different Bcl2 family members may help to
rovide insight into understanding the molecular control of
poptosis in development.
Removal of BAX, but Not BAK, Suppresses Loss
of Sertoli Cells and Leydig Cells
in BCLW-Deficient Mice
Recent findings have led to refinement of a model as to
how BCL2 family members control cytochrome c release
from the mitochondria, thereby regulating caspase activity
and cell survival (Cheng et al., 2001; Hengartner, 2000; Wei
et al., 2001). Death-protecting family members such as
BCL2 and BCLXL are localized to the outer mitochondrial
embrane, where they can heterodimerize with death-
romoting “BH3-domain only” members including BID,
AD, BIM, and NOXA (Cheng et al., 2001). By doing so, the
eath-protecting members prevent BAX and BAK from
orming homo-oligomers (Cheng et al., 2001; Eskes et al.,
000; Wei et al., 2000). Several different mechanisms have
een proposed to explain how these homomeric complexes
f BAX or BAK could regulate release of cytochrome c. The
omplexes might either directly form a pore in the mito-
hondrial membrane or may interact with other proteins or
hannels present in the mitochondrial membrane, ulti-
ately resulting in the efflux of cytochrome c and addi-
ional molecules thereby affecting mitochondrial function
Hengartner, 2000). Recent findings suggest a model where
poptotic stimuli activate BH3-domain only proteins (such
s BAD, BIM, or NOXA) that in turn mediate the subse-
uent activation of BAX and/or BAK, which facilitate
elease of cytochrome c (Cheng et al., 2001). A prediction of
this model is that either BAX or BAK (or potentially another
closely related member such as BOK) is required to induce
release of cytochrome c following receipt of a death-signal.
Such a requirement has recently been demonstrated for
mouse embryonic fibroblasts (MEF) that are resistant to a
large number of apoptotic stimuli in the absence of both
BAX and BAK (Wei et al., 2001). Moreover, the severity of
the developmental abnormalities observed in Bax, Bak
double mutants, but not in either single mutant animal
demonstrates redundancy of function for these two family
members in at least a subset of tissues during development
(Lindsten et al., 2000).
Western analysis indicated that multidomain BAX, BAK
and the BH3-domain only family member BID are each
expressed in P18 Sertoli cells. A recent study also demon-
strated expression of Bax and Bak and the BH3-domain only
Copyright © 2001 by Academic Press. All rightBim (official gene name Bcl2l11) in Sertoli cells in both
juvenile and adult mice (Meehan et al., 2001). Thus, loss of
Sertoli cells in Bclw 2/2 mice could result from the unchecked
ctivity of BIM, BID, or an alternative BH3-domain only
olecule, which in the absence of BCLW (and after the
ormal down-regulation of Bcl2 and BclXL that occurs in
postmitotic Sertoli cells; Meehan et al., 2001) is now able to
drive cell death.
The current study indicates that loss of Sertoli cells in
Bclw-deficient mice is mediated by BAX activity. Interest-
ingly, although BAX has been shown to promote cell death
in a wide range of tissues, the different death-protecting
members of the family specifically block BAX-induced
death in small numbers of discreet tissues. Results of in
vivo genetic analyses have demonstrated that BCL2 pre-
vents BAX-induced death in mature lymphocytes (Knudson
and Korsmeyer, 1997), while BCLXL can prevent BAX-
mediated death in embryonic neurons (Shindler et al., 1997)
and fetal germ cells (Rucker et al., 2000). This specificity
may reflect the function of death-protecting BCL2/BCLXL
in binding to BH3-domain only molecules in different
tissues. The present study defines the first in vivo tissue-
specific genetic interaction between BCLW and a death-
promoting member of the family, BAX.
Interestingly, although BAX mediates death of BCLW-
deficient Sertoli cells, there appears to be little if any
contribution by BAK, as mutation of Bax alone was suffi-
cient to suppress the loss of Sertoli cells observed in Bclw
mutant testes. Moreover, there was no overt increase in
survival of Sertoli cells in Bclw, Bax, Bak triple homozy-
ous mutants compared to that observed in Bclw, Bax
ouble mutants. Thus, at least under normal physiological
onditions, BAX and BAK do not appear to have redundant
unctions in Sertoli cells as is the case in certain other
issues and mouse embryonic fibroblasts (Cheng et al.,
001; Lindsten et al., 2000; Wei et al., 2001). The death-
romoting function of BAK might be suppressed in postmi-
otic Sertoli cells, possibly as a result of a specific survival
athway, or the absence of a particular death-stimulus.
Germ cells in Bclw, Bax, Bak triple homozygous mutants
etain competence to undergo apoptosis, suggesting that
ther full-domain pro-apoptotic BCL2 family members may
e expressed in male germ cells that could compensate for
oss of BAX and BAK. One such candidate is BOK, which is
ost closely conserved to BAX and BAK and which is
xpressed in the testis (Hsu et al., 1997). Alternatively,
apoptosis may result either from mitochondrial-independent
function of the death-receptor (i.e., FAS/FAS ligand) pathway,
which can contribute to death of male germ cells in rodents
(Koji et al., 2001; Lee et al., 1997; Richburg et al., 2000), or by
other unknown pathways.
Neither Bclw (Meehan et al., 2001; Print et al., 1998;
ussell et al., 2001) nor Bax (Meehan et al., 2001; Print et
al., 1998; Taylor et al., 1998) appear to be expressed in
Leydig cells and loss of Leydig cells in Bclw mutants occurs
only after depletion of the Sertoli cell population (Ross et
al., 1998; Russell et al., 2001). Significantly, loss of both
s of reproduction in any form reserved.
1
t
d
a s is f
306 Ross et al.Sertoli and Leydig cells is suppressed in Bclw/Bax double
mutants. Together, this supports previous findings that
Sertoli cells may regulate the adult population of Leydig
cells (de Franca et al., 1995; Kerr and Sharpe, 1985; Skinner,
991). BCLW-deficient mice represent a useful model sys-
em to identify the Sertoli cell factor(s) that regulate pro-
uction of Leydig cells in the adult animal.
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